Substance P (SP) and its receptor, neurokinin-1 (NK1R), have been shown to be excitatory modulators of respiratory frequency and to stabilize breathing regularity. Studies in anesthetized mice suggest that tonic activation of NK1Rs is particularly important when other excitatory inputs to the pre-Bötzinger complex in the ventral respiratory column (VRC) are attenuated. Consistent with these findings, muscarinic receptor blockade in the VRC of intact goats elicits an increase in breathing frequency associated with increases in SP and serotonin concentrations, suggesting an involvement of these substances in neuromodulator compensation. To gain insight on the contribution to breathing of endogenous SP and NK1R activation, and how NK1R modulates the release of other neurochemicals, we individually dialyzed antagonists to NK1R (133, 267, 500 M Spantide; 3 mM RP67580) throughout the VRC of awake and sleeping goats. We found that NK1R blockade with either Spantide at any dose or RP67580 had no effect on breathing or regularity. Both antagonists significantly (P Ͻ 0.001) increased SP, while RP67580 also increased serotonin and glycine and decreased thyrotropin-releasing hormone concentrations in the dialysate. Taken together, these data support the concept of neuromodulator interdependence, and we believe that the loss of excitatory input from NK1Rs was locally compensated by changes in other neurochemicals.
neurokinin-1 receptor; substance P; neuromodulator interdependence; control of breathing THE NEUROPEPTIDE, SUBSTANCE P (SP), and its receptor, the neurokinin-1 receptor (NK1R), have been implicated in mediating diverse physiological functions, such as the central control of breathing, intestinal contraction, inflammation, and nociception (11, 41) . NK1Rs are G protein-coupled receptors, the activation of which leads to mobilization of intracellular Ca 2ϩ stores, activation of protein kinase C and protein kinase A, and the ERK1/2 pathway (8, 41) . NK1Rs are expressed throughout the central nervous system, including nuclei involved in respiratory control (12, 27) . The pre-Bötzinger complex (preBötC), the hypothesized kernel of inspiratory rhythm generation in the ventral respiratory group (VRG) of the medulla (38) , has been shown to express NK1Rs (or SP immunoreactivity) in mammalian and nonmammalian animal models, including the rat (12, 14) , goat (19) , human (35) , and lamprey (7) .
Various lines of evidence in reduced preparations and intact animals demonstrate that SP is an excitatory neuromodulator in the control of breathing. Application of SP onto brainstem slices containing the preBötC increases "fictive" respiratory frequency (12) , whereas blocking NK1Rs reduces respiratory frequency (10, 16, 33) . In vivo studies in goats and rats in which NK1R-expressing neurons are destroyed results in abnormal breathing patterns and altered ventilatory responses to inspired gases (11, 31, 45) . Furthermore, studies in anesthetized mice suggest that tonic activation of NK1Rs in the preBötC becomes particularly important when ␣1 noradrenergic receptors and serotonin (5-HT) type 2 receptors are blocked (10) . Finally, our group has previously found that reverse dialysis of a muscarinic cholinergic receptor antagonist (atropine) in the ventral respiratory column (VRC) of intact goats, during wakefulness and sleep, elicits a significant increase in breathing frequency (28) . This increase in frequency may have been mediated by concurrent increases in 5-HT and SP (28) , perhaps due to corelease of these neurochemicals from a subset of raphé serotonergic neurons that colocalize SP and project to the preBötC (33) . If such were the case, these findings would be consistent with the concept of neuromodulator interdependence, whereby attenuation of one neuromodulator is locally compensated for by changes in other neuromodulators (e.g., an increase in excitatory neurochemicals or a decrease in inhibitory neurotransmitters).
We sought to gain insight into the contribution to eupneic breathing of NK1Rs in the VRC of intact goats during wakefulness and natural non-rapid eye movement (NREM) sleep. Since past studies in intact animals involved destruction of NK1R-expressing neurons with neurotoxins (11, 31, 45) , which would eliminate other neurochemicals coexpressed by these neurons, we utilized dialysis of receptor antagonists to meet our objectives. An additional advantage of dialysis is that it allows for the collection of effluent fluid containing endogenous neurochemicals and associating changes in neurochemical content with simultaneous changes in breathing. We hypothesize that dialysis of a NK1R antagonist would either 1) depress breathing in awake and sleeping goats without altering the effluent concentrations of excitatory and inhibitory neurochemicals or 2) result in no change in breathing, but would elicit changes in the concentrations of excitatory and/or inhibitory neurochemicals.
METHODS

Animals.
Seventeen nonpregnant, adult female goats weighing 44.9 Ϯ 2.1 kg were used in this study. Animals were permanently housed in an environmental chamber with a fixed 12-h light/dark cycle (lights on 7:00 AM). Goats were given ad libitum access to food and water, except during a 24-h fast prior to all surgeries and while under study. All aspects of this project have been reviewed and approved by the Institutional Animal Care and Use Committee at the Medical College of Wisconsin before beginning studies.
Surgical procedures. All surgeries were performed under sterile condition. Prior to all surgeries, goats were anesthetized with 5.0 ml ketamine (100 mg/ml, IV), intubated, and then mechanically ventilated (2% isoflurane, 100% oxygen); banamine (flunixin meglumine, 1 mg/kg, IM) was given perioperatively for pain. Rectal temperature, blood oxygen saturation, and heart rate were monitored throughout and for 24 h after surgery. Naxcel (ceftiofur sodium, 4 mg/kg, IM) was given daily, and triple antibiotic was applied to all surgical sites for 7 d. To alleviate pain, buprenex (buprenorphine hydrochloride, 0.005 mg/kg, IM) was administered twice daily for 48 h after all surgeries.
Following a Ն3-d acclimatization period, an instrumentation surgery was performed, in which electroencephalogram (EEG) and electrooculogram (EOG) electrodes were permanently implanted in the midline cranium and superior orbital ridge, respectively, to monitor and score sleep state. Goats were allowed to recover for Ն1 wk before a craniotomy was performed for chronic implantation of stainless steel microtubules (MTs) (70.0-mm length, 1.27-mm outer diameter, 0.84-mm inner diameter) targeting a site just dorsal to the preBötC. The goat preBötC is ϳ2.5-3.5 mm rostral from obex, 4.0 -5.0 mm lateral from the midline, and 4.0 -6.0 mm from the dorsal surface of the medulla, ventral to nucleus ambiguus (19, 45) . For some animals, coordinates for implantation were adjusted to avoid blood vessels on the dorsal surface. MTs were secured to the skull with dental acrylic, the skin sutured closed, and stylets matching the length of the MTs were inserted, such that there was no penetration of the tissue. Animals were given Ն2 wk to recover from MT implantation.
Physiological variables. Goats were acclimated to study equipment and procedures. Respiratory parameters were measured with a custom-made mask secured to the goat's muzzle. A one-way breathing valve was attached to the mask and connected to inspiratory and expiratory tubing. A pneumotachograph was attached to the inspiratory tubing to allow measurement of inspiratory flow (minute ventilation, V I, liter/min), breathing frequency (br/min), and tidal volume (VT, liter/br), all of which were continuously recorded on a Windaq data acquisition system. Rectal temperature was monitored with a thermocouple inserted into the rectum. Data were collected in a similar manner during night studies, except EEG and EOG activities were additionally recorded to monitor and score sleep state.
In vivo dialysis. Dialysis probes (Harvard Apparatus, Holliston, MA) were 72.0 mm long, composed of a 70.0-mm shaft and a 2.0-mm membrane that was 0.5 mm in diameter (20 kDa cut-off, 3 l internal volume). The dimensions of the probe thus allowed for insertion into the MT, such that only the membrane penetrated the tissue. The perfusate was either 1) mock cerebrospinal fluid (mCSF) (124 mM NaCl, 2.0 mM KCl, 2.0 mM MgCl2, 1.3 mM K2PO4, 2.0 mM CaCl2, 11 mM glucose, 26 mM NaHCO3 Ϫ , and pH 7.32 in sterile distilled water) alone; 2) the peptide-based NK1R antagonist, Spantide I (SPA, 133, 267, or 500 M; US Biological), dissolved in mCSF; or 3) the nonpeptide NK1R antagonist, RP67580 (RP, 1, 2, or 3 mM; Tocris), dissolved in mCSF and 1, 2, or 3% dimethyl sulfoxide (DMSO) (vol/vol), respectively. Because of limited sample sizes and large variability for the lower two doses of RP (1 mM, n ϭ 4; 2 mM, n ϭ 3), respiratory data from these studies were not reported. SPA reportedly has weak agonist effects on phospholipase C activity and is less potent than RP (4); for these reasons, we decided to use two different antagonists for this study and compare their effects. Prior to dialysis, all perfusate solutions were warmed to 39.0°C and equilibrated with 6.4% carbon dioxide and 21% oxygen (nitrogen balanced) in a tonometer. A 180-cm length of polypropylene tubing was required to connect the syringe pump to the dialysis probe.
A probe was inserted into one MT (as in previous studies) (28) and allowed to equilibrate with the tissue for 30 min, after which baseline (predialysis) data were collected for another 30 min. Three 60-min periods (Hours 1-3) of unilateral dialysis (25 l/min) then followed in the order: 1) mCSF, 2) NK1R antagonist, 3) mCSF. In the case of RP, vehicle solutions dialyzed in Hours 1 and 3 consisted of mCSF with the appropriate concentration of DMSO. The effluent fluid (dialysate) was continuously collected in cryotubes for each hour, aliquoted, and then frozen at Ϫ80°C for later analysis of neurochemical content. Day studies were completed between 9 AM and 2 PM; night studies were completed between 8 PM and 2 AM. Any consecutive studies within an individual animal were separated by Ն36 h. mCSF and glutamate receptor agonist injections. Since glutamate receptor agonists at the preBötC typically elicit a tachypneic respiratory response (26, 39) , we injected the glutamate receptor agonist, N-methyl-D-aspartic acid (NMDA) as a functional indicator of MT placement within the region of the preBötC. In these studies, breathing was continuously monitored, while either mCSF (500 nl) or NMDA (100 mM, 500 nl) was injected into a MT, separated by 30-min intervals. NMDA injection studies were performed on separate days at least 24 h prior to dialysis studies.
Neurochemical analysis. All effluent dialysate samples were analyzed by a core assay lab, as previously described (28) . Briefly, glutamine (GLN), glycine (GLY), GABA, and 5-HT were measured via reverse-phase high-performance liquid chromatography with a Waters Resolve C 18 column. Thyrotropin-releasing hormone (TRH) and SP were measured with commercial assays from MyBioSource (MBS044339, range 0.625-20 IU/ml) and Assay Designs (900 -018, range 9.76 -10,000 pg/ml), respectively, and a microplate reader at 405 nm.
Data and statistical analysis. All ventilatory data were analyzed on a breath-by-breath basis using custom-made programs. The inspiratory flow signal at the end of each study was calibrated according to known air flow rates. For night studies, EEG and EOG activity was used to visually score each breath as being in the awake or NREM sleep states. Scoring was performed by the same investigator for all studies.
As in past reports (29) , we compared daytime ventilatory data from the present study with established time control studies (28) we previously conducted, in which mCSF alone was dialyzed for Hours 1-3. The present studies were carried out by identical methodologies and under the same conditions as time control studies (28) . We have decided to reuse and reanalyze these control data for two important reasons: 1) to minimize the number of goats used, since repetition of control experiments may violate policies regarding using the smallest number of animals to address scientific questions, and 2) we believe that direct comparisons between time control data and data from the present study are necessary for scientific interpretation and to frame our present results in context with previous findings.
Data were binned in 15-min bins, as per past studies (28), and 1-min bins to detect potentially small and/or rapid changes in breathing. For each bin size, a two-way repeated-measures (RM) ANOVA (one factor repetition, group and time as factors, Holm-Sidak post hoc, when appropriate) was performed for each respiratory parameter. We used the P value of the interaction term from the results of two-way RM ANOVAs to determine if the effect on breathing over time of antagonist dialysis was significantly different from time control studies. To reduce noise, we limited the period of analysis to the last 15 min of Hour 1 to the end of Hour 3. Results of two-way RM ANOVAs using 1-and 15-min bins were largely consistent; thus we report only data using the 15-min bin to allow for direct comparisons with past data. For night studies, data were binned in 15-min bins and analyzed via two-way RM ANOVA (two factor repetition, sleep state and time as factors, Holm-Sidak post hoc, when appropriate).
Similarly, two-way RM ANOVAs (one factor repetition, group and hour as factors, Holm-Sidak post hoc, when appropriate) were used to determine if NK1R antagonist dialysis had significant effects on the effluent concentrations of 5-HT, GLN, GLY, GABA, and SP relative to time control studies. The P values of the interaction term were used to determine if the effect on neurochemical concentration over time of antagonist dialysis was significantly different from time control. Since time control studies were not performed at night, and since we are unable to separate neurochemical values according to sleep state, the nighttime neurochemical values were analyzed with a one-way RM ANOVA (Holm-Sidak post hoc, when appropriate). For TRH, only daytime values from Hours 1 and 2 were available for each antagonist at the highest dose. A paired t-test was used to determine if there was a significant effect of antagonist dialysis on effluent TRH concentration (two-tailed P values reported). Simple linear regressions were performed to determine if antagonist concentration was a significant predictor of the absolute change in effluent neurochemical concentration between Hours 1 and 2 (SP) or between Hours 1 and 3 (5-HT, GLN, GLY, GABA).
Data from replicate studies within a single animal were averaged. All statistical analyses were performed with SigmaPlot (12.0 or 12.5), and all results are presented as means Ϯ SE; values of P Ͻ 0.05 were considered statistically significant.
Histology. Upon completion of the protocol, animals were sedated with 2.3 ml ketamine (100 mg/ml, IV). Cerebral circulation was isolated, and the goat was killed with 10.0 ml B-euthanasia (IV). The circulation of the head was perfused with phosphate buffered saline (PBS) via an arterial (carotid) catheter, followed by 4% paraformaldehyde in PBS. The brainstem was extracted and processed for sectioning and subsequent Nissl staining. Nissl-stained 4000 DPIscanned images were captured (Nikon Super Coolscan 9000), and Metamorph software was used to determine MT placement (at the approximate middle of the rostral-caudal damage range).
RESULTS
Histology and microtubule placement. The goat preBötC is located ϳ2.5-3.5 mm rostral from obex, 4.0 -5.0 mm lateral from the midline, and 4.0 -6.0 mm from the dorsal surface (45) . Shown in Fig. 1 are the MT placements and corresponding NMDA responses for the animals studied herein. As in past studies (28, 29) , there is variation in both MT placement, as determined by histology, and NMDA responses. Thus neither index provides absolute confirmation of the exact site of dialysis, as previously discussed in greater detail (28, 29) . Despite this limitation, we have historically found changes in SP with antagonist dialysis to be the most highly consistent between animals for a given treatment. Since changes in SP with antagonist dialysis in these studies were largely consistent, we decided to include all animals shown in Fig. 1 for analysis.
Effect on breathing of dialysis of NK1R antagonists. The effect on breathing of dialysis of SPA or RP over time was not significantly different from time control studies. Our results also indicate that the effect on breathing over time was not significantly different between the three doses of SPA. Comparison of the effects on V I of time control studies (n ϭ 7) and daytime dialysis of SPA at three different doses (133 M, n ϭ 7; 267 M, n ϭ 5; 500 M, n ϭ 6) found no significant interaction effects (P ϭ 0.757, Fig. 2A ). Likewise, there were no significant interaction effects in terms of frequency (P ϭ 0.377, Fig. 2B ) and V T (P ϭ 0.115, Fig. 2C ). Comparison of variability (coefficient of variation, CV) in V I , frequency, and V T with SPA dialysis found no significant interaction effects (P Ն 0.061, data not shown). Comparison of the effects on breathing of time control studies and dialysis of 3 mM RP (n ϭ 7) in the day found no significant interaction effects for any respiratory parameter (P Ն 0.313, Fig. 3, A-C) . Comparison of variability in V I , frequency, and V T with RP dialysis found no significant interaction effects (P Ն 0.288, data not shown). There were no significant interaction effects (P Ն 0.072, data not shown) between sleep state and time for all respiratory parameters (V I , frequency, V T ) with dialysis of 500 M SPA at night (n ϭ 4).
Effect on neurochemicals of dialysis of NK1R antagonists. In daytime studies, comparison of the effects on neurochemicals of time control studies and the three doses of SPA (data not shown) found significant interaction effects indicating a SPAinduced increase in SP (P Ͻ 0.001) and decrease in GLN (P ϭ 0.031). There were no significant interaction effects for 5-HT, GLY, or GABA (P Ն 0.221, data not shown). TRH concentration was not significantly affected by 500 M SPA (P ϭ 0.644, data not shown). Dialysis of 3 mM RP in the day (Fig. 4 , right hand bars) significantly increased the effluent concentrations of 5-HT, SP, and GLY (P Յ 0.025, Fig. 4 , A, C, and D, respectively) and significantly decreased GLN and TRH levels (P Յ 0.034, Fig. 4 , B and E, respectively) relative to time control (Fig. 4 , left hand bars). RP had no significant effect on Fig. 4F ). Dialysis of 500 M SPA at night (n ϭ 4) significantly increased effluent SP concentration (P Ͻ 0.001), but had no effect on any other neurochemical (P Ն 0.159, data not shown). NK1R antagonist concentration and changes in neurochemicals. For daytime studies, simple linear regression analysis found that neither RP nor SPA concentration were significant predictors of the change in the effluent concentrations of 5-HT, GLN, GLY, or GABA (P Ն 0.070, data shown only for GABA, Fig. 5, A and B) . However, RP concentration was a significant predictor of the change in SP (P Ͻ 0.001, R 2 ϭ0.915, Fig. 5C ); likewise, SPA concentration was also a significant predictor of the change in SP (P ϭ 0.003, R 2 ϭ0.442, Fig. 5D ). The increase in effluent SP concentration is consistently larger with dialysis of RP at all doses compared with SPA (Fig. 5C vs. 5D , note scales of y axes).
DISCUSSION
Summary of main findings. We found that, irrespective of the compound dialyzed, the effects on breathing over time of dialysis of a NK1R antagonist were not significantly different from those of time control studies, per lack of interaction effects in two-way comparisons. SPA largely had no significant effect on breathing when dialyzed at night and did not have state-dependent effects. Both antagonists significantly increased effluent SP levels in a concentration-dependent manner, but had contrasting effects on the levels of other neurochemicals, particularly with regard to 5-HT, TRH, and GLY.
These findings support our second hypothesis, wherein we state that dialysis of a NK1R antagonist would not change breathing, but would elicit changes in the concentrations of excitatory and/or inhibitory neurochemicals. We believe that the lack of change in breathing with NK1R blockade, accompanied by simultaneous changes in multiple neurochemicals, provides evidence supporting the concept of neuromodulator interdependence.
Lack of effect of NK1R blockade on ventilation. NK1R blockade had no effect on breathing or on the variability (CV) of the ventilatory parameters we measured. Others have previously found that SP has excitatory effects on respiratory activity in reduced preparations and that blockade with SPA reversibly decreases respiratory activity (43) . Application of SPA in vitro also reduces regularity of respiratory activity (43) , while destruction of NK1R-expressing neurons in rats (11) and goats (45) results in ataxic, irregular, and abnormal breathing patterns. Our present results are thus unexpected and suggest that the lack of effect on breathing and regularity may be due to the indirect effects of receptor blockade on other neurochemicals.
While potential excitatory effects of SP on NK2Rs and NK3Rs may also be important factors (discussed below), it is clear that in freely behaving animals, breathing can remain stable (unchanged) with the application of an antagonist, given that it elicits simultaneous significant changes in local neurochemicals. We believe that the data presented here provide evidence for the concept of neuromodulator interdependence, whereby attenuation of a single receptor subtype is compensated for by simultaneous changes in other neurochemicals, such that breathing remains unchanged. Furthermore, we postulate that in studies demonstrating irregular breathing with elimination of NK1R-expressing neurons (11, 45) compensatory changes to stabilize breathing may not have occurred or may not have been possible. It is important to emphasize that our studies were not designed to determine the specific mechanisms of neurochemical release or the involvement of NK1Rs in such release mechanisms. Thus while our conclusions may be speculative, we believe our findings warrant further discussion and future investigation.
Effects of NK1R blockade on SP concentration. As in past studies, in which we blocked cholinergic receptors (28, 29) , the most striking and consistent finding with dialysis of NK1R antagonists was an increase in SP concentration at the site of dialysis. While we previously speculated that atropine-induced increases in SP and/or 5-HT may have been due to presynaptic disinhibition of neurochemical release (28) , the increase in extracellular SP with NK1R blockade may be due to accumulation of the peptide in the synaptic space, rather than enhanced release per se.
SP has been shown to induce internalization of its receptor in vivo and in vitro in both central nervous and peripheral tissues (6, 24, 40) . In cultured cells, incubation with SP caused internalization of both NK1R and its ligand (6) . In the CNS, injection of SP into the rat striatum stimulates internalization of NK1Rs, which was blocked by the NK1R antagonist, RP67580 (24) . Thus we postulate that dialysis of SPA or RP in the present studies blocked internalization of NK1Rs and SP, and the mechanisms for metabolizing or clearing of SP may have been unable to keep up with the blockade, leading to accumulation of the peptide in the extracellular space. Alternatively, there may also be negative feedback mechanisms that result in an increase in SP release with decreased NK1R activation due to antagonist blockade.
Another potential mechanism that may account for the increase in SP release is positive feedback modulation via NMDA receptors (NMDARs). In rat spinal cord slices, pharmacological studies provide evidence that NMDAR activation can stimulate SP release, while NMDAR blockade can inhibit evoked release of SP (20a, 23a). It has thus been suggested that stimulation of presynaptic NMDARs can modulate the release of glutamate and/or SP from primary afferent terminals in the spinal cord (20a), leading to prolongation of postsynaptic transmission via glutamate and/or NK1 receptors. In our studies, it is possible that an increase in glutamate release and subsequent enhancement of NMDAR activation may have potentiated SP release. Such an increase in glutamate release in . Dose-dependent effect of dialysis of three doses of RP (1 mM, n ϭ 4; 2 mM, n ϭ 3; 3 mM, n ϭ 7) and three doses of SPA (133 M, n ϭ 7; 267 M, n ϭ 5; 500 M, n ϭ 6) on absolute change in effluent GABA and SP concentration. Neither RP nor SPA concentration were significant predictors of the change in GABA levels (A and B) (P Ն 0.355). RP concentration was a significant predictor of the change in SP (C) (P Ͻ 0.001, R 2 ϭ0.915); SPA concentration was also a significant predictor of the change in SP (D) (P ϭ 0.003, R 2 ϭ0.442). x Axis indicates antagonist concentration; y axis indicates change in effluent neurochemical concentration. P and R 2 values are results from simple linear regression analyses.
the VRC could presumably lead to an increase in ventilation, which we did not observe. Accordingly, it seems unlikely that the increase in SP was due solely to enhanced NMDAR stimulation. A sufficiently adequate increase in glutamate release may have contributed to stabilization of breathing during NK1R blockade by compensating for the loss of excitatory transmission via NK1Rs. However, as discussed in following sections, it is unlikely that there were significant increases in glutamate with NK1R blockade. While dialysis of both SPA and RP each increased effluent SP concentration, the increase was markedly larger with RP. One possible explanation for this difference is the use of much higher concentrations of RP than SPA, potentially allowing for greater diffusion of the drug to affect a larger area and a greater number of receptors. A second contributing factor is the greater potency of RP compared with SPA (4). Thirdly, SPA has been reported to have a weak agonist action on phospholipase C activity (4), which may have counteracted its antagonistic effects. Despite differences in the absolute magnitude of their effect on SP, both antagonists increased SP in a linear, concentration-dependent manner (Fig. 5) .
Potential contribution of ATP and purinergic receptors. There is a growing body of evidence implicating a role for ATP and signaling via P2X and P2Y receptors in the control of breathing, which has been reviewed by others (10a). ATP release has been shown to be involved in the hypercapnic ventilatory response (10b) and the hypoxic ventilatory response (10a), in which ATP is hypothesized to counter secondary hypoxic ventilatory depression. Importantly, the preBötC has been shown to be sensitive to ATP and P2 receptor agonists (22a), whereby these agents elicit an increase in fictive breathing frequency. Specifically, the increase in frequency in response to ATP appears to be mediated by P2Y 1 , rather than P2X 2 , receptors (22a). Neurons in the preBötC coexpress NK1 and P2X 2 receptors, as well as NK1 and P2Y 1 receptors (22a). Additionally, receptor interactions have been reported between P2 receptors and other neurochemical systems, including GABA A , nicotinic, noradrenergic, and SP receptors (10a). Thus ATP might be a source of excitation to preBötC/VRC neurons coexpressing NK1 and P2 receptors during NK1R blockade. This ATP-mediated excitation may contribute to stabilization of breathing during RP/SPA dialysis and, furthermore, may be potentiated by changes in the neuromodulatory milieu.
In anesthetized adult rats, exposure to CO 2 stimulates release of ATP from known chemosensitive areas on the ventral medullary surface (10b), whereby it was suggested that ATP may act upon receptors on dendrites of neurons of the VRC that extend to the ventral surface. While we did not measure blood gases in our studies, all of our studies were conducted in room air, and we did not observe a change in breathing with NK1R blockade. These findings suggest that there was likely no or minimal Pa CO 2 -driven release of ATP in the ventral medulla (10b). Thus if ATP is involved in compensatory mechanisms during NK1R blockade, it is unlikely to be coming from chemosensitive areas on the ventral medullary surface, such as the retrotrapezoid nucleus (10b).
Potential non-NK1R effects of SP. SP and other neurokinins can all act on each of the three neurokinin receptors, NK1, NK2, and NK3 (8, 15) . Indeed, bilateral microinjections into the presumed preBötC of rabbits of either SP, neurokinin A (NKA, the preferred ligand of NK2R), or the NK3R agonist, senktide, each increased respiratory frequency (5) . Interestingly, bilateral microinjections of two different NK1R agonists did not affect respiratory frequency, whereas the NK1R antagonist, CP 99994, increased frequency and did not block the excitatory effects of SP (5) . The respiratory effects of SP and NKA were either abolished or reduced by a NK2R antagonist (5) . On the basis of these results, the authors concluded that NK2Rs and NK3Rs, but not NK1Rs, were involved in excitatory modulation of respiration in the rabbit and that SP may act on NK2 and NK3 receptors in the preBötC to affect breathing (5) .
These findings in the rabbit indicate that we cannot exclude the possibility that SP, at high enough levels, may be exerting effects on NK2 or NK3 receptors to maintain breathing during NK1R blockade (34) . Species differences in the affinity of NK1R antagonists for NK1R (8, 41) is another point to consider when comparing our results with other studies.
Distribution of NK1R and effect of NK1R blockade on effluent concentrations of other neurochemicals. While NK1R is expressed in the goat medulla (27, 45) , comprehensive double-labeling studies at the electron microscope level have not been performed in this model to determine pre-and postsynaptic distribution of NK1R and other receptors. Most studies investigating tissue expression of NK1R consistently find labeling of cell bodies and processes at synaptic and nonsynaptic sites (3, 18, 20, 22, 24, 30, 44) . It should be noted, however, that presynaptic NK1R expression has also been reported in the rat and primate caudate nucleus and putamen (18) .
In the VRG of the rat, at the level corresponding to the preBötC, NK1R-expressing neurons are neither cholinergic nor catecholaminergic, and rarely are they GABAergic or glycinergic (44); these neurons are also typically glutamatergic (13) . Thus in our present studies, blocking NK1Rs on glutamatergic neurons would presumably decrease their activity and thus glutamate levels at the synapse. Because of technical limitations, we could not measure glutamate in our dialysate samples. However, since glutamate at the synapse is normally taken up by astrocytes and converted into GLN to maintain neurotransmitter homeostasis (2), the decrease in GLN with RP dialysis (Fig. 4B) perhaps reflects a decrease in glutamate release.
If NK1R-expressing neurons in the corresponding preBötC region of the goat are non-GABAergic and nonglycinergic like the rat (44) , then the increase in GLY with RP dialysis (Fig. 4D) suggests that glycinergic neurons in the VRC were indirectly affected by changes in other neurochemicals. Indeed, the increases in 5-HT, SP, and GLY with RP dialysis (Fig. 4, A, C, and D) are reminiscent of the changes seen with dialysis of 50 mM atropine in the VRC (28) . We previously proposed that the increase in inhibitory neurotransmitters with 50 mM atropine was a secondary compensatory response to increases in 5-HT and/or SP (28) . Another possibility is that the increase in GLY may have been the result of enhanced activity of inhibitory inputs to the preBötC, such as the expiratory neurons of the Bötzinger complex (37, 42) . These Bötzinger neurons are proposed to be part of a ring of mutual inhibitory interactions with the preBötC (37), critical for coordinated inspiratory and expiratory activity. Functional (25, 32, 36) and histological Blockade of NK1 Receptors Does Not Affect Breathing • Muere C et al. studies (21, 22, 25) demonstrate that there is a considerable number of glycinergic and GLY receptor-expressing neurons in the VRG and preBötC. A study by Manzke et al. (25) found that glycinergic neurons comprised more than 50% of the total number of neurons in the mouse preBötC and that these neurons expressed the GLY receptor ␣3 subtype (GlyR␣3), 5-HT 1A receptors, NK1R, and the -opioid receptor. Intriguingly, their data further suggest that interactions between 5-HT 1A and GlyR␣3 receptors counteracted opioid-induced respiratory depression (25) . Taken together, our data and those of others indicate that glycinergic inputs within and between respiratory control centers are modulated by a complex array of neuromodulators and possibly by interactions between receptors.
The effects of NK1R blockade on 5-HT outflow (Fig. 4A ) are difficult to explain. Blocking or activating NK1Rs has produced controversial results regarding 5-HT neuronal firing activity and/or 5-HT release (23) . Data reviewed by Maejima (23) suggest that there is "at least a functional coupling between NK1 and 5-HT 1A receptors." More puzzling is the decrease in the excitatory peptide, TRH, with NK1R blockade with RP (Fig. 4E) . Double-and triple-labeling studies of raphé neurons have shown colocalization of SP and/or TRH with 5-HT (1, 17, 46) in certain subsets of neurons. Thus one could expect 5-HT and TRH to change at least in the same direction if neurochemical release is perturbed. The fact that colocalized neurochemicals change in opposite directions in our present study indicates that release mechanisms are independent or differentially affected by receptor inactivation.
Lastly, changes in modulators that we did not measure may also account for our data and should be considered when interpreting our results. For example, we have previously shown that nonselective blockade of muscarinic receptors with 50 mM atropine in the VRC of intact goats can dramatically increase breathing frequency and 5-HT and SP concentrations (28) . Conversely, a smaller dose of atropine (5 mM) does not affect breathing, but significantly increases SP concentration, albeit, to a much smaller degree (29) . We were unable to measure acetylcholine/choline in these studies. However, our past studies suggest that perturbations in cholinergic level or muscarinic receptor activation may be involved in the changes in neuromodulation we report here, particularly with respect to SP, 5-HT, and GLY (Fig. 4) , as these neurochemicals significantly increased with dialysis of 50 mM atropine (28) .
Caveats and limitations. Caveats and limitations of our animal model and use of dialysis have been discussed in greater detail elsewhere (28, 29) and will only be briefly summarized here. Firstly, the precise boundaries of the preBötC in the goat are unclear (19) , making MT placement difficult in some animals. Methods for quantifying the diffusion area of dialyzed substances are also not exact, which is another limitation to our study. Secondly, because of the length of tubing needed for delivery of dialyzed solutions, there is always a delay (of ϳ20 min) between initiation of dialysis and when the solution actually reaches the probe. Thirdly, we are unable to separate effluent fluid collected during different sleep states. Sleep state-associated changes in fractional interstitial space (47) , and thus diffusion and tissue concentration of drugs and neurochemicals, are another caveat in our nighttime neurochemical data. Lastly, repeated probe insertions may have potentially caused tissue damage around the dialysis site.
Significance of findings.
It is not surprising that there exists a "safety net," such as neuromodulator interdependence, for a function as vital as breathing. The multiplicity, redundancy, and convergence of signaling pathways in the respiratory network (9) suggest that a combination of inputs need to be blocked in an intact animal to sufficiently impact breathing. At the very least, the interaction of these inputs must be considered. Indeed, in whole animal studies where breathing was altered by blocking/enhancing the effects of a single modulator, our data suggest that the respiratory changes may have been mediated by modulator systems other than the one that was targeted. In health and disease, the concept of neuromodulator interdependence offers alternative targets for treating conditions of respiratory insufficiency, as well as ways to expand existing therapies by targeting multiple receptor systems. It would also be of great clinical and fundamental interest to investigate if and how compensatory mechanisms change under stress conditions, such as acute and chronic hypoxia or hypercapnia.
Concluding remarks. The present studies demonstrate that perturbation of a single receptor subtype can elicit changes in multiple neurochemicals known to affect respiration without altering breathing, supporting the concept of neuromodulator interdependence. These data illustrate the complexity of interactions within and between respiratory networks, attest to the robustness of mechanisms that preserve breathing, offer alternative insights in interpretation of results from a large body of past work, and may potentially broaden therapeutic targets for a variety of respiratory conditions.
